We investigate the high-redshift quasar luminosity function (QLF) down to an apparent magnitude of I AB = 25 in the Cosmic Evolution Survey (COSMOS). Careful analysis of the extensive COSMOS photometry and imaging data allows us to identify and remove stellar and low-redshift contaminants, enabling a selection that is nearly complete for type-1 quasars at the redshifts of interest. We find 155 likely quasars at z > 3.1, 39 of which have prior spectroscopic confirmation. We present our sample in detail and use these confirmed and likely quasars to compute the rest-frame UV QLF in the redshift bins 3.1 < z < 3.5 and 3.5 < z < 5. The space density of faint quasars decreases by roughly a factor of four from z ∼ 3.2 to z ∼ 4, with faint-end slopes of β ∼ −1.7 at both redshifts. The decline in space density of faint optical quasars at z > 3 is similar to what has been found for more luminous optical and X-ray quasars. We compare the rest-frame UV luminosity functions found here with the X-ray luminosity function at z > 3, and find that they evolve similarly between z ∼ 3.2 and z ∼ 4; however, the different normalizations imply that roughly 75% of X-ray bright active galactic nuclei (AGN) at z ∼ 3 − 4 are optically obscured. This fraction is higher than found at lower redshift and may imply that the obscured, type-2 fraction continues to increase with redshift at least to z ∼ 4. Finally, the implications of the results derived here for the contribution of quasars to cosmic reionization are discussed.
INTRODUCTION
The evolution of the quasar luminosity function with redshift is a key observational constraint on the growth of supermassive black holes (SMBHs) over cosmic time (Richstone et al. 1998; Kauffmann & Haehnelt 2000; Wyithe & Loeb 2003; Marconi et al. 2004) . The behavior of the QLF places constraints on the duty cycles of quasars, the growth history of SMBHs, and the coevolution of black holes and their host galaxies (Hopkins et al. 2006, Ueda et al. 2003 and references therein) .
The QLF also determines the cumulative ionizing background radiation due to quasars. The faint end of the QLF at high redshift is of particular interest in this regard because faint quasars contribute substantially to the total ionizing background due to quasars. While the peak in quasar activity around z ∼ 2 − 3 is responsible for HeII reionization at z ∼ 3 (Reimers et al. 1997; Sokasian et al. 2002) , the relative contribution of quasars to hydrogen reionization at z ∼ 6 − 10 is not as well constrained. The observed decline in space density of highly luminous quasars at z > 3 has been taken as evidence that quasars contribute negligibly to hydrogen reionization (Madau et al. 1999; Fan et al. 2006) . However, only the most luminous quasars at high redshift can be found in surveys such as SDSS, leaving the contribution of faint quasars to the ionizing background unknown.
The faint end is challenging to study at high redshift because of the need for survey fields that are both deep enough to detect faint sources and wide enough to find a statistically significant number of quasars. In addition, follow-up spectroscopy is difficult due to the faintness of the sources. Two groups have recently investigated the faint end of the QLF at z ∼ 4: Glikman et al. 2011 (hereafter G11) using parts of the Deep Lens Survey (DLS, Wittman et al. 2002) and NOAO Deep Wide-Field Survey (NDWFS, Jannuzi & Dey 1999) fields, with a combined sky coverage of 3.76 deg 2 , and Ikeda et al. 2011 (hereafter I11) using the HST-ACS region of the COS-MOS field (Scoville et al. 2007 ) with a sky coverage of 1.64 deg 2 . The value of the faint-end slope β measured in G11, −1.6 +0.8 −0.6 , is consistent with the value of −1.67 +0.11 −0.17 reported in I11 for the COSMOS field.
While these studies agree on the faint-end slope of the QLF at z ∼ 4, they disagree on the absolute space density of low-luminosity quasars by roughly a factor of four, with a higher space density reported in G11. This discrepancy cannot be attributed to cosmic variance (see § 8.1), and leads to different pictures of quasar evolu-tion. The result reported in G11 implies that the decline in the space density of faint quasars with redshift after the peak at z ∼ 1 − 2 eventually stops and possibly reverses, which could make the contribution of quasars to cosmic reionization significant. Both I11 and G11 use broad-band optical color selection to identify quasars. A significant uncertainty in this approach is the selection function, or the fraction of quasars that are selected as a function of redshift and magnitude. The selection function is usually determined with Monte Carlo simulations, which are sensitive to the assumed distribution of quasar spectral energy distributions (SEDs) in the survey field. This distribution is uncertain, and mismatches between the assumed and actual distributions can give rise to significant errors in completeness estimation and thus the derived luminosity function.
In addition to selection function uncertainty, contamination from stars and galaxies can be substantial and difficult to quantify. Spectroscopy allows a robust determination of the contamination, but due to the large amount of telescope time required, often only a subset of the candidates can be observed. Extrapolating to the complete sample can result in large errors in the estimated contaminant fraction.
Here we take a different approach (described in § 2), using the COSMOS survey data to select and identify high-redshift quasars with high completeness and low contamination. Our principal goals are to (1) determine the faint end of the QLF from 3.1 < z < 5 in COSMOS, thereby providing an independent check of the result reported by I11, as well as a direct determination of the evolution of the faint-end over this redshift range, (2) compare the rest-frame UV quasar luminosity function with the rest-frame 2-10 keV X-ray luminosity function for sources at z > 3 in order to investigate the obscured fraction of bright AGN at these redshifts, and (3) use our results to make inferences regarding the evolution of the QLF and the likely contribution of quasars to reionization, both of HeII at z ∼ 3 and HI at z ∼ 6 − 10.
The structure of this paper is as follows. In § 2 we provide an overview of the method used to determine the QLF. In § 3 we present our initial quasar selection. In § 4 we describe the tests used to verify the high completeness of the selection. In § 5 we describe how we separate stellar and low-z contaminants from the highredshift quasar population of interest. In § 6 we present the final sample of confirmed and likely quasars and discuss the X-ray properties of the sample. In § 7 we use the final list of likely quasars to compute the luminosity function at z ∼ 3.2 and z ∼ 4. In § 8 we discuss sources of error that may influence our results. In § 9 we compare our results with the X-ray luminosity function at similar redshifts and discuss the implications for the obscured quasar fraction at these redshifts. In § 10 we discuss the ionizing background due to quasars. In § 11 we present our main conclusions.
We assume a cosmology with Ω Λ = 0.7, Ω M = 0.3, and H 0 = 70 km s −1 Mpc −1 . Magnitudes are in the AB system.
OVERVIEW OF METHODOLOGY
We utilize the COSMOS broad, intermediate, and narrow band photometric catalog (Capak et al. 2007 ; Sanders et al. 2007 ) for the selection of quasars and identification of contaminants.
With 29 bands of well-matched photometry, these data constitute lowresolution spectra for all objects over the wavelength range 0.1-8µm ( Figure 1 ). This is generally sufficient to distinguish stars from high-redshift quasars. With spectra of sufficient quality for all sources in the field, the population of quasars can be well-constrained down to the limiting magnitude. Our approach is similar to that of Wolf et al. (2003) , who used the 17 filters (5 broad and 12 intermediate band) of the COMBO-17 survey to identify quasars. COSMOS is of similar resolution to the COMBO-17 survey in the optical, but significantly deeper and covering a wider wavelength range.
Because neither the properties of the faint, highredshift quasar population nor the properties of the contaminating stellar population are very well constrained, we individually inspect the spectral energy distributions and imaging data to identify quasars and reject contaminants, as described in § 5. To ensure that our classifications are unbiased, we also cross-check against automated χ 2 fitting of model SEDs to the low resolution spectro-photometry of COSMOS ( § 6.2). The two methods produce similar results, but we argue the visual classification is more accurate because it allows for a broader range of quasar properties as well as the identification of photometry errors that can influence the χ 2 result. The primary method we use can be summarized as follows:
1. Find a coarse selection (based on point-source morphology, the presence of a Lyman-break, and a power law infrared slope) that is highly complete for type-1 quasars at z ∼ 3−5, sacrificing reliability to the extent necessary to achieve high completeness.
2. Assess the 29-band photometric and imaging data for each candidate to remove contaminants.
3. Cross-check the resulting quasar list with known high-redshift quasars in COSMOS to confirm our ability to recover quasars with high completeness.
4. Compute the luminosity function with the resulting sample.
Several factors specific to the COSMOS field make this approach reasonable. We list these below.
• Over 40 confirmed z > 3 quasars are known in COSMOS, which were selected in different ways (X-ray, infrared, optical). These quasars serve as a guide in developing our selection criteria, and provide an important check on our ability to distinguish quasars from contaminants using photometric and imaging data.
• A large spectroscopic sample of faint AGN and galaxy candidates obtained by Keck and VLT can be used to test contamination.
• High-resolution imaging of the COSMOS field with the HST lets us restrict our sample to true point sources, limiting the contamination from highredshift star-forming galaxies. 2 illustrates the quality of the low-resolution spectrum afforded by the COSMOS photometric data. Filter bandwidth is indicated with horizontal bars. The observed-frame positions of the Lyman break and Lyman limit are indicated with vertical blue lines. Overlaid is a typical QSO spectral template (Vanden Berk et al. 2001 ). Features of a high-redshift quasar SED are clear in the photometry, including the Lyman break at rest-frame 1216Å, Lyα emission, broad quasar emission lines, and the rising SED into the observed-frame infrared.
• Accurate photometric redshifts Salvato et al. 2009 ) can be used for sources lacking spectroscopic confirmation.
• Deep Chanda X-ray imaging of the central 0.9 deg 2 of the COSMOS field allows another check on the completeness and reliability of our approach, and also permits a comparison of our estimated QLF with the X-ray luminosity function at similar redshifts. We present this analysis in § 9.
INITIAL CANDIDATE SELECTION
Spectroscopic campaigns, e.g. Lilly et al. (2007) , Trump et al. (2009), Ikeda et al. (2011), and Capak et al. (in preparation) , have confirmed over 40 quasars at z > 3 in the COSMOS field. These known quasars were originally selected in different ways (X-ray, infrared, optical) and therefore display a range of SEDs. These confirmed sources are used to guide the development of a coarse initial selection, which is then tested for completeness with simulated quasar photometry, as described in § 4.
It is worth emphasizing that the selection presented here is intended only to be a weak filter against contamination, in order to reduce the number of candidates to a reasonable number while maintaining high completeness. The careful rejection of contaminants occurs later through inspection of the photometric and imaging data, as described in § 5.
We begin by selecting point sources in the magnitude range 16 ≤ I ≤ 25, restricting our study to the region of COSMOS covered by ACS imaging (1.64 deg 2 ). Spatially extended sources as defined in the Hubble Advanced Camera for Surveys (ACS) catalog of Leauthaud et al. (2007) are excluded. The test for point morphology is based on the ratio of the peak surface brightness (MU MAX) to the magnitude (MAG AUTO), and exploits the fact that the light distribution of a point source scales with its magnitude. The point source selection is shown to be robust to I = 25, which sets the magnitude limit for our search. 22383 candidates meet this selection criterion.
Next we use the χ 2 parameter, computed through template fitting in the COSMOS photometric redshift catalog, to separate stars from quasars. The Le P hare code (Arnouts & Ilbert 2011 ) was used to determine photometric redshifts (see Ilbert et al. 2009 for details). As a result of extensive fitting against templates, sources are assigned three χ 2 values: χ 2 gal , χ 2 qso , and χ 2 star , which are computed by fitting galaxy, AGN, and stellar templates, respectively, to the source photometry. Because we restrict our search to point sources, a comparison between χ 2 qso and χ 2 star can distinguish most stars from quasars. As seen in Figure 2 , the relaxed cut χ 2 qso /χ 2 star ≤ 2.0 selects all known z > 3 quasars, while rejecting the majority of stars. This leaves us with 8125 candidates.
The effectiveness of χ 2 fitting is due to two main factors. One is the COSMOS intermediate band data, which can differentiate sharp features such as the Lyman break and emission features in quasar photometry from the smooth photometry of stars. The other (more important) factor is Spitzer IRAC photometry. Stars display Rayleigh-Jeans black body curves that decline in the infrared, whereas high redshift quasars display power law SEDs that are flat or rising in the infrared.
Next we apply a cut designed to select high-redshift quasars. The Lyman break, caused by the scattering of radiation at wavelengths shorter than 1216Å by neutral hydrogen in the IGM and quasar host galaxy, results in a reduction in U band flux for quasars at z 3.1. In the mid-infrared, however, high redshift quasars remain relatively bright due to their intrinsic power law spectral slopes. Therefore, we accept sources meeting either of the following cuts: U − ch1 ≥ 1.5 or U − ch2 ≥ 1.5. Here qso /χ 2 star ≤ 2.0, which retains all known z > 3 quasars while rejecting a significant fraction of stars. The spectroscopically confirmed stars shown here are primarily F, M, L, and T dwarfs, which are typical contaminants in high-redshift quasar searches (Richards et al. 2009 ).
ch1 and ch2 refer to Spitzer IRAC channel 1 (3.6µm) and channel 2 (4.5µm). These cuts were motivated by the spectroscopically confirmed sample as well as simulated quasar spectra, and are significantly relaxed in order to achieve high completeness. While the cuts are not significantly different, we accept sources meeting either one in order to avoid losing quasars with bad IRAC photometry in one of the bands. This leaves 6667 candidates. To safeguard against losing unusual quasars, we also accept sources with photometric redshifts z qso ≥ 3. This adds 28 candidates, for a total of 6695 candidates after this step.
Finally, we require that the source is detected at a significant level (m AB ≤ 24.0) in either IRAC channel 1 or channel 2. Because quasar SEDs typically rise into the infrared, this condition will be met by the majority of quasars with I < 25, while it serves to eliminate faint stars or other unexpected contaminants. The final number of candidates after applying this selection is 4009.
This selection, by utilizing only the Lyman continuum break and power law infrared emission of highredshift quasars, largely avoids the uncertainties associated with broad-band color selection. Color selections in the rest-frame optical must correctly account for intrinsic quasar SEDs that can vary substantially in spectral slope and broad line emission equivalent widths, the distributions of which are not well constrained at high redshift. In addition, this selection should be sensitive to broad absorption line (BAL) quasars, which show similar mid-infrared to optical luminosity ratios as non-BALs (Gallagher et al. 2007) .
To summarize, the initial (coarse) selection we use is:
1. 16 < I(mag auto) < 25 2. Point source based on ACS I-band imaging
The 4009 candidates selected include all 39 known z ≥ 3.1 quasars in COSMOS.
A comparison of our selection with the high-redshift X-ray sources reported in Civano et al. (2011) confirms that we select all high redshift X-ray sources with I ≤ 25 and point morphology (27 total). The other 74 sources in the X-ray z > 3 sample are primarily classified as extended (90%), or lie outside our I-band magnitude limit, or both. Keck DEIMOS spectra (Capak et al., in preparation) of 12 of the extended z > 3 X-ray sources confirms that these are obscured, type-2 AGN without broad emission lines, and therefore not appropriate to include in this work.
These pieces of evidence indicate that the selection outlined above is highly complete for unobscured quasars at z > 3.1. This is verified using simulated quasar photometry, as described in the next section.
SELECTION COMPLETENESS
We follow the standard procedure of testing the selection by simulating a large number of quasars in redshift/magnitude space. We use the three composite spectral templates QSO1, TQSO1, and BQSO1 from the SWIRE template library (Polletta et al. 2007) , each representing a different infrared/optical flux ratio, and extend them into the far-UV using the composite HST spectral template of Telfer et al. (2002) . By letting the intrinsic spectral slopes for λ > 1216Å and λ < 1216Å vary randomly according to the distributions given in Vanden Berk et al. (2001) and Telfer et al. (2002) , we generate 50 QSO1 templates and 25 each of the TQSO1 and BQSO1 templates. These 100 base templates are checked against the photometry of known quasars in SDSS, including IRAC photometry for quasars in the Spitzer Heritage Archive (Teplitz et al. 2012) , to verify that they are representative of the underlying variation in the population of type-1 quasars.
We create a grid in redshift and I magnitude, with the redshift extending from 3 ≤ z ≤ 5 in steps of ∆z = 0.1 and the I band magnitude extending from 20 ≤ I ≤ 26 in steps of ∆I = 0.1. At each point in this grid we generate 20 realizations of each of the 100 model quasar templates, adding Poisson and background noise to the measured flux in each filter, and correcting for intergalactic extinction using the model of Madau (1995) . The selection criteria (4) and (5) are then applied to each of the 2000 resulting SEDs to determine the completeness at that grid point.
The result is shown in Figure 3 . For I < 23.8, the completeness is >90% over the redshift range 3.1 < z < 3.3 and ∼100% at higher redshifts. The marginal incompleteness for 3.1 z 3.3 will be improved by the additional inclusion of sources with z qso > 3 in criterion (4). There is some incompleteness for 23.8 < I < 25 due to criterion (5), which is accounted for when computing the luminosity function. Figure 3 demonstrates that the photometric criteria (4) and (5) are highly complete, but it does not account for possible incompleteness introduced by criteria (2) and (3). We briefly discuss the effect these may have. For magnitudes brighter than I ∼ 24, the selection is over 90% complete over the redshift range 3.1 z 3.3 and ∼100% complete at higher redshifts. Because we also accept all sources with zqso ≥ 3, the completeness from 3.1 z 3.3 will be enhanced over what is shown. At I-band magnitudes fainter than I ∼ 24 there is some incompleteness due to criterion (5), which is accounted for in computing the luminosity function.
The third selection criterion (χ 2 qso /χ 2 star ≤ 2.0) is based on the results of extensive fitting of the COSMOS sources against spectral templates. Checking this criterion with our modeled quasar templates would not be very revealing, as it would constitute checking simulated photometry against simulated photometry. However, the evidence in Figure 2 gives us confidence that this very relaxed criterion introduces negligible incompleteness.
The point source criterion can potentially induce incompleteness because ACS imaging, with a point-spread function (PSF) with FWHM of 0.12 ′′ at the detector, resolves all but the most compact of objects. While this is desirable in that it excludes galaxies from consideration, it may also reject intrinsically faint quasars with host galaxy light contributing to the overall flux. We discuss this issue in more detail in § 8.4.
EXAMINATION OF CANDIDATES AND IDENTIFICATION OF QUASARS
The selection described above is highly complete but also unreliable, in the sense that a small fraction of the selected objects actually are quasars at the redshifts of interest. However, careful examination of the COSMOS photometric and imaging data for each of the 4009 candidates is relatively fast and allows us to confidently reject typical contaminants such as dwarf stars and lowerredshift quasars.
Visual examination of the data allows more robust classification than a reliance on SED template fitting. The 29 bands of photometry and corresponding imaging data reveal stars with unusual colors that mimic quasar SEDs closely, often because of photometric contamination, as well as true quasars that automated tests fail to find because of contaminated or unusual photometry. In addition, coarse redshift estimates can be made based on the position of Lyα emission and/or the Lyman break, which can then be compared with the results from automated fitting.
The relevant high redshift quasar characteristics we look for in the COSMOS photometric and imaging data include: (1) a strong spectral break at rest-frame 1216Å, (2) a power law SED that is flat or rising in the infrared IRAC bands, (3) Lyα emission evident in intermediate band filters, and (4) often other strong rest-frame UV emission lines (e.g. CIV λ1549, CIII] λ1909) evident in intermediate band filters as well.
Stars, in contrast, have SEDs with characteristic Rayleigh-Jeans shapes that decline in the IRAC bands. The decline in the blue side of a stellar SED is less abrupt than the Lyman break in the SED of a high redshift quasar, and there are no emission lines in the intermediate bands. Figure 4 illustrates, for some of the most difficult cases, the clear differences in the SEDs of high redshift quasars and stellar contaminants.
The candidates were examined using Specpro (Masters & Capak 2011) , an interactive IDL tool designed primarily for spectral analysis in the context of multiwavelength surveys
1 . This program displays the imaging and photometric data for each candidate and allows us to perform rough SED fitting and redshift estimation. The first author went through all candidates after significant calibration against the SEDs of known stars and high-redshift quasars, and subsets of the data were examined by coauthors to establish the consistency and reproducibility of classification. It was found that classifications were highly consistent among different classifiers.
As expected, our sample includes a large fraction of stellar contaminants. Most of these are dwarf stars, while a fraction are stars whose optical fluxes are incorrectly matched to a nearby IR-bright source, which is apparent through examination of the stamp images. The mismatch artificially boosts the SED in the IRAC bands, such that the χ 2 qso vs. χ 2 star comparison does not favor a star assignment.
We also find a number of quasars or compact galaxies at z < 3.1 in our sample, which reflects the fact that our Lyman-break criterion (4) is very relaxed. This can also be seen in the slow decline in completeness toward z = 3 in Figure 3 . Lower-redshift objects are identified by the position (or absence) of the Lyman break / Lyα emission in the SED. Of the contaminants, we estimate that 28% are z < 3.1 objects (quasars or compact lowz galaxies), and 64% are stars. The remaining 8% are unclear based on the photometry but likely fall in one of these categories as they do not show characteristics of z > 3.1 quasar SEDs.
For the sources identified as likely high redshift quasars, we assign a confidence flag ranging from 2 to 4, where 4 is highly confident and 2 is somewhat confident. We emphasize that sources even marginally consistent with being high-redshift quasars are retained (usually at confidence 2) in order to maintain high completeness. Candidates assigned a confidence of 4 typically are X-ray detected and/or show strong emission lines in intermediate bands, as well as a clearly defined Lyman break and rising infrared SED. Candidates assigned a confidence 3 show a well-defined Lyman break and/or Lyα emission evident in an intermediate band filter as well as a rising infrared SED, but are not clearly detected in X-ray. We are confident that these are high redshift quasars based on their point-source morphology and SED. Candidates (Pickles 1998) are overlaid in green. The obvious differences between the SEDs of the objects make it relatively simple to distinguish them, even without high-resolution spectroscopy. The observed-frame position of the the Lyman break and Lyman limit are indicated on the quasar SEDs with vertical blue lines. The distinct break, with a power law SED in the infrared bands, is characteristic of faint, high redshift quasars and distinguishes them from stars. assigned a confidence 2 show a moderately convincing photometric break and are flat or rising in the infrared, but do not necessarily show emission features in intermediate bands, nor are they X-ray detected. Of our candidates these are the most likely to be either very compact galaxies or unusual stars rather than quasars. Follow-up spectroscopy on these sources may be required to refine the results presented here.
QUASAR SAMPLE
Of 4009 candidates, we find 155 likely type-1 quasars at z > 3.1. Of these, 48 are considered confidence 2 sources, 54 are considered confidence 3, and 53 are considered confidence 4. The final list of the 155 confirmed and likely z > 3.1 quasars is given in Table 3 in the Appendix.
Identification Reliability
An important point is that the quasar candidates were examined without knowing which were the previously confirmed quasars, yet every one of the 39 known quasars at z ≥ 3.1 in the COSMOS field was correctly classified based on the imaging and photometric data. The method employed thus independently recovered every previously known type-1 quasar in the field. Figure 5 shows that the confirmed sample includes a number of very faint sources, including those discovered by Ikeda et al. (2011) . This is strong evidence that we do not miss actual highredshift quasars in the initial sample. If anything, we may overcount by misidentifying either stars or highredshift galaxies as quasars. Because stars display easily recognizable SEDs, we consider it unlikely that they constitute a significant contaminant.
While stars are relatively easy to reject, high redshift galaxies display a similar overall SED to a quasar and could contaminate the sample. We expect that few of the candidates identified as quasars are actually compact galaxies, because the strict point-source criterion will eliminate nearly all galaxies at these redshifts. We discuss this potential source of error in more detail in § 8.3.
Comparison with Automated χ 2 Selection
As another check on the reliability of our classifications, we compare our final sample with a purely automated selection using the results of the extensive χ 2 fitting against stellar and AGN templates described in Ilbert et al. (2009) . Of the initial sample of 4009 candidates, 195 objects have photometric redshift estimates above z = 3.1. Limiting the sample to objects with χ 2 qso /χ 2 star ≤ 1.0 (i.e., quasar is the favored solution from χ 2 fitting) the final automated sample is 143 objects, in very close agreement with our final sample of 155 from visual classification. Figure 6 shows that, of the 195 objects with photometric redshifts above 3.1, our visual classification typically retains objects with χ 2 qso /χ 2 star 1 and rejects objects with χ 2 qso /χ 2 star 1, as would be expected if the visual classification is in agreement with χ 2 fitting. Of the 143 objects that would be selected automatically, 91 are in common with our final selection. The sources that we rejected but automated fitting would retain are, for the most part, stars mismatched to a nearby IR-bright source, artificially elevating their IRAC fluxes and thus lowering their χ 2 qso value. This is reflected in the fact that these sources have higher average IRAC-tooptical match distances.
On the other hand, we identify 64 likely quasars that are rejected by the automated selection. These primarily are rejected due to a low photometric redshift estimate. However, they are consistent with being high-z quasars based on a weak photometric break and power law infrared spectrum, so we retain them.
Despite the slightly different samples, it is clear that automated selection based on χ 2 fitting produces essentially the same answer as careful rejection of contaminants on an object-by-object basis.
X-ray Properties
The Chandra COSMOS survey (C-COSMOS, ) is a 1.8 Ms Chandra program covering the central 0.5 deg 2 of the COSMOS field with an effective exposure of ∼160 ks, and an outer 0.4 deg 2 area with an effective exposure of ∼80 ks. In addition, the entire COSMOS field has been observed in the X-ray with XMM-Newton ) to a brighter X-ray flux limit.
Of the final sample of confirmed and likely quasars presented here, 27 are X-ray detected by Chandra (Civano et al. 2011 (Civano et al. , 2012 and 12 are detected by XMM (Brusa et al. 2010) . The remainder of the objects are undetected and therefore have X-ray fluxes below the detection limits of either Chandra deep, Chandra shallow, or XMM, depending on their location in
The distribution in I(mag auto) for the spectroscopically confirmed subset of our final quasar candidates. We have recovered both relatively bright and very faint known quasars in the field, indicating that there is high overall completeness in our classification method regardless of quasar luminosity.
The fraction of the zqso > 3.1 candidates we identify as high redshift quasars as a function of the ratio χ 2 qso /χ 2 star . As expected, the lower this ratio, the more likely that we identify a candidate as a quasar through inspection of the imaging and photometry, showing that our visual inspection is in accord with the results of χ 2 fitting against spectral templates.
the COSMOS field. We perform a stacking analysis of 47 unconfirmed sources without X-ray detection in the Chandra region to investigate whether their X-ray fluxes are consistent with expected quasar emission.
We use CSTACK (Miyaji et al. 2008) to compute the number of X-ray counts at the optical position of the undetected sources. This program correctly accounts for the different exposure times depending on source position. We find a detection in the soft-band 0.5-2.0 keV (Figure 7) , corresponding closely to rest-frame 2-10 keV for our sources, with a significance of ∼5-6 sigma, as determined through random stacking in blank fields. We find no clear detection in the observed-frame 2-8 keV hard band. The stacked detection in the soft band provides evidence that these sources are quasars with individual X-ray fluxes below the Chandra detection limit, while the lack of a clear hard band detection suggests no significant X-ray obscuration.
As another check on whether the X-ray flux limits on the nondetected candidates are consistent with these ob- Fig. 7 .-Stacking analysis of 47 likely quasars that fall in the Chandra region but are not individually detected in X-ray. The images are 30 ′′ × 30 ′′ and are smoothed with a Gaussian kernel with FWHM of 6 ′′ . The ∼5-6 sigma detection in the soft band (corresponding to the hard X-ray band in the rest frame at z ∼ 3 − 4) is evidence that at least a fraction of the individually undetected sources are quasars. The lack of a clear detection in the observedframe 2-8 keV stack indicates they are likely unobscured, intrinsically faint objects that fall below the detection limit in the hard band.
jects being quasars, we compute the α ox ratio for sources in the C-COSMOS region, making use of the SEDs to derive the rest-frame UV fluxes. The α ox parameter represents the spectral slope between the UV and X-ray flux :
where f uv is the 2500Å flux and f X is the 2 keV X-ray flux. For X-ray detected sources we derived the 2keV Xray flux from the 0.5-2 keV flux ). For sources without X-ray detection, we compute an upper limit on the X-ray flux, taking into account the X-ray flux limit at the optical position of each source. The result in Figure 8 shows that the nondetected sources tend to have lower UV luminosity, with upper limits on the α ox ratio that are generally consistent with previously measured correlations between α ox and the 2500Å luminosity (Steffen et al. 2006 , Young et al. 2010 ). In conjunction with the stacking results, this gives additional evidence that the sources are faint, type-1 quasars with X-ray fluxes below the Chandra detection limit.
LUMINOSITY FUNCTION
We derive the luminosity function for the redshift bins 3.1 ≤ z ≤ 3.5 and 3.5 < z ≤ 5.0, using the standard 1/V max estimator (Schmidt 1968) .
The luminosity function for quasars is generally found to be well-described by a double power law of the form
1450 is the break luminosity between the bright and faint ends, α is the bright-end slope and β is the faint-end slope (Boyle et al. 1988) . We use this parameterization to fit our results in conjunction with bright-end results of Richards et al. (2006) derived in the SDSS. Before presenting the results we first outline the determination of redshift and absolute magnitude for the sample. the photometric redshift z qso determined by fitting AGN templates to the source SED ). In the cases in which a candidate is X-ray detected but not spectroscopically confirmed, we adopt the photometric redshifts of Salvato et al. (2009 Salvato et al. ( , 2011 , which have been computed for X-ray sources in COSMOS and are optimized for AGN.
We check to verify that the photometric redshift is in rough agreement with the redshift estimated from visual examination of the source SED. If there is a very large disagreement between the photometric and visual redshift estimates, we adopt the visually estimated redshift. This accounts for occasional failures of the photometric redshift determination due to contaminated photometry in a small number of bands.
In Figure 9 we show both the photometric redshift and estimated redshift compared with the spectroscopic redshift for the subset of spectroscopically confirmed candidates. The photometric redshift is generally more accurate, but contains a small number of outliers. The visually estimated redshifts are low on average, but there are no outliers. These estimated redshifts were made by identifying the position of the Lyman-break/Lymanlimit in the source SED. The fact that they are systematically low by a small amount reflects a small bias in this visual estimate. We only adopt these values in cases in which the photometric redshift is likely incorrect, primarily as a result of contaminated photometry (29 of the 80 sources in the 3.1 < z < 3.5 bin and 9 of the 48 sources in the 3.5 < z < 5 bin). Because our redshift bins are relatively large, the errors introduced by doing so will not have a significant effect on the derived luminosity functions.
Absolute Magnitude Determination
We follow the convention of giving the quasar luminosity function in terms of the absolute magnitude at rest-frame 1450Å. To estimate M 1450 , we fit quasar tem- -Top: the photometric versus spectroscopic redshift for the sources in our sample with spectroscopic confirmation. The scatter is ∼0.7, with a few outliers. Bottom: the estimated redshifts versus spectroscopic redshifts for the same sources. Our visual estimates are systematically low, but with no outliers. These values are only adopted when no spectroscopic redshift is available and the photometric redshift is clearly wrong. This amounts to 29 out of 80 sources in the 3.1 < z < 3.5 bin and 9 out of 46 sources in the 3.5 < z < 5 bin.
plates to the source SED, which accounts for elevated fluxes due to quasar emission lines. We found that fitting to the measured magnitudes in the three broad-band Subaru filters V , R, and I and interpolating to find the observed-frame 1450Å magnitude often overestimates the luminosity due to the contribution of quasar emission lines to the measured broad-band magnitudes.
When performing the SED fits to find M 1450 , only filters within ±2000Å of the observed-frame wavelength corresponding to rest-frame 1450Å are considered. The M 1450 values we find through SED fitting are typically ∼0.2 magnitudes fainter than what we found by extrapolating the broad band magnitudes, but with significant scatter (Figure 10 ).
Given the observed magnitude m corresponding to rest-frame 1450Å radiation, the absolute magnitude is found with
The second term on the right-hand side is the distance modulus; the final term is a correction for the effective narrowing of the frequency interval sampled in the observed frame. value derived from a linear fit to broad band filters vs. that derived from SED fitting. The absolute magnitude estimated using the SED fit is fainter by ∼0.2 magnitudes on average, as indicated with the dotted line. This reflects the fact that the broad band fluxes can be elevated relative to the underlying continuum by broad emission lines.
7.3. The Luminosity Function at z ∼ 3.2 and z ∼ 4 We compute the luminosity fuction using the derived redshifts and absolute magnitudes for the sample, correcting for the incompleteness at I 24 from the selection function in Figure 3 . The luminosity function we derive for the redshift bin 3.1 < z < 3.5 is shown in Figure 11 . There is good continuity with the bright-end result derived in the SDSS, as well as close agreement with prior results that have probed the faint end at similar redshift (e.g. Siana et al. 2008 , Bongiorno et al. 2007 , Wolf et al. 2003 ).
We fit the z ∼3.2 QLF to the double power law relationship (Equation 2) using our faint-end result in conjunction with the bright end from Richards et al. (2006 In Figure 12 we show the result for the z ∼ 4 luminosity function, together with the previous results from G11 and I11. The best-fit parameters to the double power law paramaterization are Φ * = 7.5(±23.5) × 10 −8 , M * 1450 = −25.64 ± 2.99, α = −2.60 ± 0.63, and β = −1.72 ± 0.28. Our faint end result is in agreement with the result reported by I11, and the faint-end slopes we find at both z ∼ 3.2 and z ∼ 4 agree with the faint-end slope at 2 < z < 3.6 (β = −1.70) derived in Jiang et al. (2006) . However, the space density of faint quasars at z ∼ 4 we find is lower than the result reported in G11 by a factor of ∼3-4. The source of this discrepancy is unclear, but may be due to contamination (dwarf stars and high-redshift galaxies) in the sample of G11 at the faintest magnitudes probed in that work. The point-source selection used in G11 is done with ground-based imaging, which is not as effective as HST imaging at resolving compact, high-z galaxies. Additionally, the number of stellar contaminants in broad band quasar searches grows rapidly at the faintest magnitudes, where spectroscopic followup is the most challenging and thus the contamination is not as well-constrained.
In Figure 13 we illustrate the strong evolution of the luminosity function from z ∼ 3.2 to z ∼ 4. We find that the space density of faint quasars decreases by a factor of four between z ∼ 3.2 and z ∼ 4, in close analogy with the evolution of brighter optical and X-ray quasars at these ]am -The z ∼ 4 luminosity function derived here compared with previous results. The solid black line is our best fit to the double power law parameterization including the bright-end result from the SDSS. The dotted green line is the best fit from I11 and the dashed red line is the best fit from G11. The disagreement between the bright-end result of G11 and the SDSS data points arises because G11 recompute the SDSS results after finding the absolute magnitudes directly from the SDSS spectra. Our result is in close agreement with that of III. The disagreement in the faintend space density between the result derived here and that derived in the DLS+NDWFS is significant, with that result higher by a factor of ∼4. redshifts. This trend is also verified by the recent results presented in Ikeda et al. (2012) , where it is found that the space density of faint quasars at z ∼ 5 is significantly lower than at z ∼ 4.
POSSIBLE SOURCES OF ERROR
8.1. Cosmic Variance The comoving volume probed here at z ∼ 4 is sufficiently large (2.6 × 10 7 Mpc 3 ) that we expect cosmic variance to have little effect. However, it has been shown in the SDSS (Shen et al. 2007 ) that the bias of luminous, high redshift quasars relative to dark matter halos increases dramatically with redshift, so we attempt to estimate the likely error introduced by cosmic variance.
We make use of the cosmic variance cookbook of Moster et al. (2011) , in which the bias of galaxies as a function of stellar mass and redshift is used to compute Fig. 13 .-The evolution of the luminosity function from z∼4 to z∼3.2, combining the bright end derived from the SDSS (Richards et al. 2006 ) with the faint end derived here. The space density of faint quasars increases by a factor of ∼4 from z∼4 to z∼3.2. Overplotted are the best-fit lines for each luminosity function using the double power law parameterization. The faint-end slopes we derive for z∼3.2 and z∼4 are β = −1.73 ± 0.11 and β = −1.72 ± 0.28, respectively. the counting error for galaxies due to cosmic variance. Quasars are expected to be significantly biased with respect to the matter distribution, existing preferentially in the highest mass halos. This leads us to make the approximation that quasars are similarly biased to the most massive (M ≥ 10 11 M ⊙ ) galaxies. The bias factor estimated in this way is in relatively good agreement with the results presented in Shen et al. (2007) for quasar clustering in the SDSS (and may actually be slightly overestimated).
In the redshift window of 3.5 < z < 5 in the COS-MOS field, we compute an uncertainty of ∼19% in our quasar count, indicating that cosmic variance will contribute only modestly to the derived luminosity function.
Contamination by Stars
The consistent, well-matched wavelength coverage of the COSMOS data, extending from the UV to the infrared, enables the effective removal of stellar contaminants, the SEDs of which differ substantially from those of quasars. Figure 6 illustrates that our final selection preferentially retains objects for which χ 2 fitting disfavors stellar templates, and the close agreement with prior studies at z ∼ 3 also indicates that contamination is low. We note that, even it there were significant stellar contamination in the final sample, this would imply that the luminosity functions are upper bounds, making it more difficult to reconcile the result at z ∼ 4 found here with that of G11.
Contamination by Star-forming Galaxies
Because we only have spectroscopic confirmation for a fraction of our sample, we may overestimate the faintest end of the luminosity function by inadvertantly counting compact, star-forming galaxies as quasars. To estimate the contamination from high-redshift galaxies, we analyze a sample of 386 confirmed star-forming galaxies at z > 3 in COSMOS. These sources were selected as part of a large spectroscopic campaign with Keck DEIMOS (Capak et al., in preparation) aimed at finding high-redshift galaxies down to I = 25 from 3 < z < 6. A number of techniques (Lyman-break criteria, narrow-band selection, etc.) were employed to achieve high completeness, with no selection based on morphology. By applying our quasar selection to these objects, we can get a reasonable sense of the contamination due to compact galaxies.
Of the 386 confirmed high-redshift galaxies, only 2 (0.5%) pass our selection (and were removed from our final sample), with the rest rejected primarily on the basis of morphology. We can combine the fraction of high-redshift star forming galaxies likely to contaminate our sample with the UV luminosity function for galaxies at z ∼ 4 (Bouwens et al. 2007 ) to estimate the level of contamination. Restricting our attention to the faintest absolute magnitude bin (M 1450 = −21) examined at z ∼ 4, we estimate a contamination level of roughly 10 −6 (Mpc −3 mag −1 ) by star-forming galaxies. This is approximately half the space density we derive in this magnitude bin. Therefore, this faintest data point on the luminosity function may be elevated somewhat significantly by star-forming galaxy contamination, leading to an overestimation of the faint-end slope. This issue may need to be settled by follow-up spectroscopy on the faintest sources in the sample.
Faint Quasars in Bright Host Galaxies
Conversely, we may underestimate the faintest bins of the luminosity functions by rejecting bright galaxies hosting faint quasars. This will be the case if a significant fraction of faint type-1 quasars (M 1450 −23) exist in galaxies bright enough in the rest-frame UV to make the source appear extended in ACS I-band imaging. Two pieces of evidence lead us to believe that this is not the case.
First, we examine 12 Keck DEIMOS spectra of Chandra sources at high redshift that are classified as extended in the ACS catalog, and find that these sources do not show broad lines indicative of a type-1 quasar. Therefore there is no evidence from spectroscopy of high-redshift X-ray sources of a population of type-1 quasars that we miss by restricting our search to point sources. On the contrary, high-redshift X-ray sources that are morphologically extended seem to be exclusively type-2 AGN.
Second, we note that, in the sample of ∼1400 highredshift candidate galaxies in COSMOS followed up on with Keck DEIMOS spectroscopy, we do not find cases of broad-line objects with extended morphology. If a significant number of faint type-1 quasars at z ∼ 4 have host galaxies bright enough in the rest-frame UV to make the galaxy appear extended in ACS imaging, we should find serendipitous examples of these in a large sample of candidate high-redshift galaxies. In fact we do not; highredshift, broad-line emitting objects seem invariably to be point sources in the rest-frame UV.
We conclude from these two tests that we do not miss a substantial fraction of type-1 quasars due to our morphological criterion, even at the faintest quasar magnitudes.
COMPARISON OF THE X-RAY AND UV QUASAR LUMINOSITY FUNCTIONS AT HIGH REDSHIFT
The X-ray luminosity function at z > 3 in COSMOS was determined recently for the 0.9 deg 2 Chandra region in COSMOS (Civano et al. (2011) , hereafter C11). There it is shown that the population of X-ray luminous AGN decreases rapidly above z = 3, in agreement with previous results (e.g. Brusa et al. 2009; Silverman et al. 2008) . In fact, Figure 4 of C11 shows a decline in space density of X-ray luminous (L x 10 44 ergs s −1 ) AGN by a factor of ∼4 between z ∼ 3.2 and z ∼ 4, in agreement with the trend we have demonstrated here for the faint end of the UV QLF at the same redshifts. Fig. 14. -The UV luminosity function results, converted to Xray (black diamonds), compared to the X-ray luminosity functions for X-ray bright Chandra sources derived in Civano et al. (2011) including uncertainties (red circles and yellow shaded area) and for XMM-COSMOS sources (green circles, Brusa et al. 2009 ). The space density is roughly a fourth of that found in X-ray, implying that ∼75% of bright quasars are optically obscured at these redshifts. The blue lines represent the prediction from the Gilli et al. (2007) model for obscured and unobscured sources (solid) and unobscured sources only (dashed).
A rough sense of the obscured fraction at these redshifts can be obtained simply by comparing the highredshift X-ray sample with our list of type-1 quasars. Doing so, we find that our selection finds 27/101 sources in the high-redshift X-ray sample. The X-ray sources that we miss are primarily classified as extended in the ACS I-band imaging, or are fainter than I = 25, or both. As mentioned previously, an examination of 12 spectra of high-redshift X-ray sources that are classified as extended in ACS imaging shows that they are consistent with being type-2 AGN rather than unobscured quasars. Assuming that the X-ray sources our selection misses are in fact optically obscured, this leads to an estimated type-2 fraction of roughly 75%.
To more quantitatitvely compare our results with those found in C11, we convert our rest-frame UV luminosity functions to X-ray using the α ox relationship presented in Steffen et al. (2006) : log(l 2keV ) = (0.721 ± 0.011)log(l 2500Å ) + (4.531 ± 0.688) (4) We modify this relationship slightly to put it in terms of the luminosity at 1450Å by assuming a typical quasar spectral slope. With this relationship, the space density of quasars with L x > 10 44.15 erg s −1 is found by integrating the UV luminosity functions over the absolute magnitude interval M 1450 = [−∞, −23.45]. The uncertainty in the conversion is based on the uncertainty in the parameters of the α ox relation.
Our results are plotted as black diamonds in Figure 14 , together with the X-ray results of C11. The same trend with redshift is observed, but the points derived from the UV QLF are lower by a factor of ∼4, in agreement with the ratio found by directly comparing the two samples. While the C11 space density is in agreement with the prediction for obscured and unobscured sources (solid line) derived from the Gilli et al. (2007) X-ray background synthesis model, the space density derived from the UV QLF is more consistent with the prediction for unobscured sources only (dashed line). Based on the offset, we again find that the fraction of obscured (but not Compton-thick) quasars is roughly 75% at z ∼ 3 − 5.
It is interesting to compare this result with the redshift evolution of the type-2 fraction determined by Hasinger (2008) (hereafter H08). Figure 9 of that work clearly indicates an upward trend in obscured fraction with redshift, which seems to saturate around z = 2 at ∼60%. This result arises after a correction for the fact that observational bias makes it more difficult to identify obscured AGN at higher redshifts. The type-2 fraction we find at z ∼ 3 − 4, ∼75%, is higher than the result in H08 and may indicate that the trend of increasing obscured fraction with redshift continues to higher redshifts.
In should also be noted that the result in Figure 9 of H08 is actually a normalization of a rather steep gradient of obscuration versus X-ray luminosity. The obscured fraction decreases with X-ray luminosity at a given redshift, such that for sources above L x = 10 44 at z ∼ 3 − 4 the estimated obscured fraction is actually closer to 20-30%, significantly lower than what we find for comparably luminous sources at these redshifts. Follow-up spectroscopy on more of the z > 3 X-ray sources in COSMOS would allow a more firm determination of the type-2 fraction at these redshifts.
THE IONIZING BACKGROUND DUE TO QUASARS
Given the luminosity function Φ(M 1450 , z), we can estimate the rate of production of ionizing photons by quasars at redshift z. To do so, we use results from Vanden Berk et al. (2001) and Telfer et al. (2002) to approximate the spectral energy distribution of a typical quasar:
The number of hydrogen-ionizing photons emitted per second by a quasar of absolute magnitude M 1450 is given byṅ
where the cutoff at 4 ryd is due to preferential HeII absorption of photons above this energy (Madau et al. 1999) . Similarly, the rate of emission of HeII ionizing photons is given bẏ
Combining equations (5) and (6) with the QLF, one can compute the number of HI and HeII ionizing photons produced per second per unit comoving volume at a given redshift:Ṅ
We use the results for the QLF at z ∼ 3.2 and z ∼ 4 presented in § 7 to estimate these ionizing backgrounds and their evolution with redshift.
HI Ionizing Background
With the QLFs derived in § 7, we find quasar emission rates of hydrogen-ionizing photons at z ∼ 3.2 and z ∼ 4 ofṄ HI = 3.3×10 50 s −1 Mpc −3 and 1.0×10 50 s −1 Mpc −3 , respectively. These rates are lower than needed to reionize the IGM at either redshift. At z=4, for example, the estimated required rate for reionization isṄ HI = 2.4 × 10 51 s −1 Mpc −3 (Madau et al. 1999 ), more than 20 times higher than what we find. In addition, the rates we compute ignore escape fraction and are therefore upper limits on the photons available to ionize the IGM.
The emissivity of UV radiation due to quasars can be found with our luminosity functions and compared with the result given in Haardt & Madau (2012) . We integrate to find the emissivity at 1450Å and use a conversion factor of f Hz −1 at the same redshifts. We are in relatively close agreement, although our value at z ∼ 4 is somewhat lower, likely due to the rapid decline in the space density of faint quasars we find.
The emissivity we find at z ∼ 4 is significantly lower than that required to maintain reionization at z ∼ 7 (Robertson et al. 2010) , even assuming a very high escape fraction for ionizing photons. Therefore, assuming that the faint-end of the QLF continues to decline at higher redshifts, type-1 quasars can not contribute significantly to cosmic reionization of hydrogen at z ∼ 6 − 10.
HeII Ionizing Background
We find a QSO emission rate of HeII-ionizing photons at z ∼ 3.2 ofṄ HeII = 3.1 × 10 49 s −1 Mpc −3 . At z ∼ 4 we findṄ HeII = 1.0 × 10 49 s −1 Mpc −3 . The significant increase in the production by quasars of HeII-ionizing (>54.4 eV) photons from z ∼ 4 → 3 is qualitatively consistent with the observed patchy reionization of HeII at z ∼ 3 (Shull et al. 2010; Bolton et al. 2006) . While AGN are considered the only sources capable of producing sufficient photons with energies above 54.4 eV to be responsible for the reionization of HeII, significant uncertainty exists with regard to the specifics of the HeII reionization process (Shull et al. 2010) . This is mainly due to degeneracies between temperature, density, and ionization fraction in the IGM, as well as the dependence on the spatial distribution and spectral hardness of the ionizing sources. Therefore, we do not attempt to quantify the ionizing background needed to produce the observed HeII reionization at z ∼ 3.
SUMMARY & CONCLUSIONS
We have searched the COSMOS field for type-1 quasars at 3.1 < z < 5 and I AB < 25, with care taken to achieve high completeness. Our method has been to apply a weak quasar selection that is nearly complete but unreliable, and then identify and remove contaminants through careful inspection of the COSMOS photometric and imaging data. This method exploits the fact that stellar contaminants are easily identified with the 29 bands of deep photometry spanning the UV to the infrared. We recover all 39 previously known type-1 quasars at z > 3.1 in COSMOS as well as 116 additional likely quasars, and have presented evidence based on simulations and automated classifiers that this sample is highly complete for type-1 quasars above z = 3.1 in the HST-ACS region (1.64 deg 2 ) of COSMOS. Here we summarize our main conclusions.
1. We find 155 likely type-1 quasars at z > 3.1 in the COSMOS field, 39 of which have been previously confirmed, down to a limiting magnitude I AB = 25. We present strong evidence that this quasar sample is nearly complete over the redshift range 3.1 < z < 5.
2. We use the quasar sample to compute the QLF at z ∼ 3.2 and z ∼ 4. The faint-end results we obtain show continuity with the bright-end results reported by Richards et al. (2006) for the SDSS, and demonstrate a clear decrease in the space density of faint quasars, by roughly a factor of four, from z ∼ 3.2 to z ∼ 4. The faint-end we derive at z ∼ 4 is in good agreement with the result reported for the COSMOS field in I11, but disagrees with the result reported in G11. While the source of this discrepancy is unclear, we suggest that it may be caused by contaminating stars/high-redshift galaxies at the faintest magnitudes in the sample of G11.
3. We find no evolution in the faint-end slope β over the redshift range investigated. The faint end slopes we find are β = −1.73 ± 0.11 at z ∼ 3.2 and β = −1.72 ± 0.28 at z ∼ 4, similar to those found at lower redshift.
4. We compare the luminosity functions derived here with the X-ray luminosity function at z > 3 in COSMOS. The optical QLF and the X-ray QLF evolve similarly between z ∼ 3.2 and z ∼ 4 in the sense that both show a rapid decline in space density. However, the different normalizations of the LFs imply that roughly 75% of AGN with log(L x ) 43.75 are obscured, type-2 quasars at z ∼ 3 − 4.
5. We compute the ionizing background due to quasars, both of HeII and HI. The rapid increase in production of HeII ionizing photons from z ∼ 4 → 3 that we find is qualitatively consistent with the observed onset of HeII reionization at z ∼ 3. However, given the decline of the faint end of the QLF to higher redshift, we conclude that faint quasars are unlikely to contribute substantially to cosmic reionization of hydrogen.
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More 3 Summary of the likely quasars found here and used to compute the luminosity function. We give zest, the redshift we estimated based on visual examination, zqso, the photometric redshift from COSMOS, zspec, the spectroscopic redshift, if it exists, and z used , the redshift we adopt in computing the luminosity function. In addition, we list the confidence flag we assigned the source based on visual examination, whether or not the source is detected in X-ray, and the absolute magnitude M 1450 we derive. 
